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TECHNICAL NOTE NO, 953

TORSION TEST TO FAILURE OF A MONOCOQUE BOX

By A, B, McPherson, D, Goldenberg, and G, Zibritosky
SUMMARY

The torsion test to fallure is described for a monocogue
box of 248-T gluminum alloy, The box had a rectangular sacticen
and was reinforced by Z—~stringers, antirolls, bulkheads, and
corner posts, The twist and strains in the stringers, sheet,
corner posts, and bulkheads were measured for loads practically
up to failure, Failure occurred by tearing of the cover sceet
subsequent to fallure of rivets Jjoining antirolls to corner
posts,

The buckling loads of the cover sheets and of the shear
webs agreed with the computed values, The measured twists
agreed within 6 X 1076 radian per inch with those computed
from a theory which treats the box as an assembly of four
beams with wide webs, Jjoined ot the extreme fibers; the ef-—
fect of buckling is taken into account in the theory by treat—
ing the web as a diagonal tension field following Wagner =znd
Langhaar, The measured stresses ln the shoet were scmewhnt
siialler than those indicated by the theory,

The theory indicates ths presence of excessive shearing
stress before faillure in the rivets Joining the antirolls +to
the corner posts,

INTRODUCTION

_ This report desceribes the last one of a series of ou—
perimental studies of a monocoque box beam of representative
design, Previous reports (references 1, 2, and 3) give strains,
buckling loads, and deformations in the elastic range for tharee
types of 1oading, compression (reference 1), cantilever bendirg
and pure bending (reference 2), and torsion (roference 3), 1In
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each case the measured strains and deformations were compared
with theoretical values, The compression test and bernding
test showed substantial agrecement with the predictions of
classical theory, The torsion test showed large deviations
from the classical (Saint—-Venant) theory, It was decided to
test the box to failure in torsion, in order to follow these
deviations further, beyond the elastic range,

This investigation, conducted at the National Bureau of
Standards, was sponsored by, and conducted with financial
aseistance from, the National Advisory Committee for Acronau—
tics,

SPECIMEN

The dimengions of the monocaoque box spccimen are gilvexn
in figure 1, The box wag fabricated from 2457 aluminum
alloys; 0,075-=1inch sheet was used for the shear wed sldes, 2nd
0,026—~inch sheet reinforced by Z—-stringers, spaced 4 inches
on centers, was used for the top and the bottom sides of the
box, The stringers were fastened to the sheet by 1/8-inch
brezier—head rivets, spaced 7/8 inch on ceonters, Transverse
reinforcement was provided by four intermediate bulkhesads and
antiroll members, spaced at 19 inches,

Particular cere was taken in reinforcing the ends of the
box %0 avoid stress concentration, The reinforcements, con—
sisting of steel angles and plates, are shown in figures 1,
2, and 3, TFigure 3 also shows the construction of the bulk-
heads,

Tensile and compressive stress—strain curves of material
from the ccrner posts, the stringers, and the sheet used in
the monocogque box are given in reference 1, Valuess of Young's
modulus and of yield strength (0,002-0ffset) obtained froum the
stress~strain curves are ligted in ¥table I,

TEST PROCEDURE

The specimen was mounted on & heavy steel I-beenm C
(figs, 4 and 5), The north end (fig, ¢) was held fixzed by
bolting it to the I~beam, The south end (fig, 5) was nountecd
free to rotate about a knife edge G at the center of graviity
of the section, A torque about G was applied by pulling to-
gether the lateral extension I fastened to the south end of
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the specimen and the lateral extension M fastesned to the
I-beam O, The lateral extenslions I and M were dbrought to-
gether by connecting them with a tensile linkasge NEL which
could be tightened by drawing up on the nut L, The torgue
was computed from the memsured moment arm GN and the forcs
in the linkege measured with the proving ring K, taking due
account of the angle between GN and NIL,

The twist between azdjacent bulkheads was measured, as
in reference 3, by the change in angle between two reflecting
surfaces, The twist gages are indicated as O in figures 4,
5, and 6, The gage length was adbout 19 inches, The least

count was about 0,5 X L0 ® radian per inch,

The strains 1n the speclren were measured with Tuckerman
optical strain gages (used alone or with suitable adapters as
described in reference 1) and with Baldwin Southwark type R—~1
wire strain gage rosettes, The change in resistance of the
wire strain gages was determined on a Wheatstone bridge having
a strain sensitivity of 10, The switches wused in connect-
ing different gages to the bridge were selected to have a low
and constant contact resistance, The resgistance—measuring
apparatus is shown at P in figure 6, and one of the wire strain
gage rosettes ig shown at @, One pair of rosettes was attached
to the cover sheet, one pair to the shear web, and three palrs
to the bulkhesads,

The buckling loasds of the sheet were determined by freguent
visual inspection and also by the rapid divergence of the strain
readings on the two sides of the sheet after buckling,

A correction of the readings of the Tuckerman gages for
the effect of temperature variations was obtained from a
control gage R (fig, 4) mounted on a small piece of aluminum
alloy near the specimen, Temperature compensation in the cass
of the wire strain gages was obtained by having a wire strain
gaga S (fig, €) in the balancing arm of the Wheatstone bridge,

RESULTS

The measured twists between bulkheads are shown in figure
7., The twist was measured on the diagonally opposite lower
east and upper west corner posts, The twists on the lower east
and upper west corner posts were nearly the same, The measured
twist between bulkheads 1 and 2 and between bulkheads 3 aznd 4
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was somewhat greater fhan the measured twist at the center
of the box between bdulkheads 2 and 3, The measured twist
at the ends of the box was smaller than the other measured
twists, .

For moments greater than about 100,000 pound-inches the
moment—-twist curves of figure 7 show a decrease in slope,
The average slope of the moment twlst curves between bulkhands
1 and 4 dropped from 540X lO pound—incheg per radlan per iach
before buckling to 370X 10° pound—inches per radlan per inch
after buckling, This represents a loss in stiffness of about
32 percend,

The apparent difference in twist of the N and § ends of
the box after buckling, as shown in figure 7, is probdbadly
due to the difference in location of the measuring gages
rather than to any actual differsnce in behavior at ths two
ends, The gages at the S end were located in a corner toward
which the diagonal—tension buckles pointed, while the gages
at the N end were located in the other corners, This would
indicate that near the eands of the box the diagonal tension
buckles cause some parts of the cross—section to twist more
than others, This effect is-most marked when comparing the
N~1 and 4—S locations, and, %0 & lesser extent, it is true
in comparing the 1—-2 and 3—4 locations,

The bulkheads resist warping of the box by applying
gshearing forces, These shearing forces may be expected %o
be a maximum near the ends where the resistance 10 warping
is greatest, The measured strains on end bulkhead 1 arc
shown in figures 8 and 9, These strains are converted to
median fiber strains in figure 10, Figure 10 indicates
warping of the bulkhead such that the distance decreased
between the t0p west corner poct and the bottom east corner
post,

The strain in the top east corner of bulkhead 2 1is shown
in figure 11, The bending and median fiber strains at this
location were small,

The stralin in the top cover sheet between bulkheads 1,
and 2 is shown in figure 12, The difference in strain on the
two faces of the top cover sheet was small up to a twisting
moment of about 60,000 pound—inches, Above this moment the
difference was large especially for gage line 1 vhich was
perpendicular to the direction of the dimgonal tension buckles,

The strainsg gilven in figure 1B wyere used to compute the
maximum and minimum median fiber stresses and their directicns,
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The results of the computation using a Young's modulus of

10,6 X qu psi and a Polsgontls ratio of 0,32 are given in
figure 13, The minimum stress increased with increasing

load to a maximum value of about 5200 psi in compression

at a torque of 110,000 pound—inches, At larger torques the
stress decreased slowly until at 287,000 pound—inches 1t had

2 magnitude of only 2200 psl in compressgion, The maximunm
stress increased continuously with the applied moment, The
rate of inercase became more rapid after the sheet buckled,
The angle @ at which the meximum stress acted was 45°
(corresponding to simple shear) at-low loads, After bducke
ling of the sheet o decreased until at 287,000 pound—inchses
o = 33,5%:. The angle of one of the permanent diagonal ten—
slon buckles left in the box after the maximum load of 385,0C0
pound-inches was 2909, No computation of stress from the sirain
data was made for torques higher than 287,000 poundwinches
since for greater torques the materlal was no longer slastic
and the usual method of gnalyzing rosasttes did not apply,

The straln in the east shear wed betwseen bulkheads 2
and 3 is shown in flgure 14, The differsnce in strain on
the two faces of the shear wed was small up to a twisting
moment of about 250,000 pound—inches, Above this the dif-
ference was large espsclally for gage line 1 which was per-
pendicular to the direction of the diagonal tension dbuckles,

Figure 15 shews maximum and minimum median fiber strosczes
and their direction, as computed from figure 14 with a Youngts

" modulus of 10,6 X 10° psi and a Polsson'ts ratio of 0,32, Up to

the twisting moment of 250,000 pound-~inches cerresponding to
buckling of the shear web, the minimum stress increased to

‘about 8900 psi in compression, At larger loads, the stress

decreased slowly until at the maximum moment of 385,000 pound—
inches it was 5500 psi in compression, The maximum stress
increased continuously with the applied moment, The rate of
increase became more rapid after the shesar webd buckled, The
angle o o0f the maximum stress with respect to the corner
pogt varied from 48° to 51° during the test aes compared %o

45° for pure ghear,

Strains were measured on the middle stringers and on the
corner posts using Tuckerman strain gages with suitable adapt—
ers, The results are plotted in figure 16, At a torque T =
360,000 pound—~inches, the largest of these strains was only
0,00078 corresponding to a streéess of about 8000 psi,

The buckles in the gast shear web after failure of the
monocoque box are shown in figure 17, There was one buckle
between each ‘bnlkhaad and shear wedb stiffener,
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The buckles in the top cover sheet at failure are shown
in figure 18, Buckling between both stringers and rivets
was present, The buckles between rivets were especially
marked where the bulkheads Jjoin the corner posts, Fallure
of a rivet at A and tearing of the shest a2t B are showa in
greater detail in figure 19,

Inspection of the box after failure showed that at many
places the rivets jolning the corner posts to the antirolls
and bulkheads were sheared in two, The rivets Joining the
corner posts to the antirolls over bulkheads 2 and 3 on the
top of the box were all sheared off before fallure of the bhox,
A close-~up of the west end of the antiroll over bdulkhead 2
is shown in figure 20, The corner post is shown to have moved
sufficiently to displace permanently the bottom of the riveis
about 0,1 inch past the top of ths rivets,.

The failure of the box was ascribed to a sequence of
events somewhat as follows; With the development of the
diagonal tension field the corner posts were drawn together,
thereby putting increasing loads on the rivets connecting
antirolls and bulkheads t0 corner posts, These loads led to
the observed shearing—off of rivets from antirolls and dulk-
heads, The compressive force on the bulkheads after fallure
of the rivets had to be carried to the hulkhead through the
thin cover sheet, This led to the severe buckling of the
cover sheet at the points where the bulkheads join the corner
posts,

The corner posts and the stringers were bent toward the
center stringer by the diagonal tension of the cover sheet,
as though they were beams supported at the bulkheads and anti-
rolls and loaded in the plane of the sheet by the diagonal ten-
slon, The permanent set in thie hending efter failure measured
mldway between bulkheads witk respect to the bulkheads, avar—
aged 0,08 inch for the corner posts, 0,06 ineh for the strin-
gers next to the corner posts, and 0,03 inch for the striangars
next to the mlddle stringer,

After failure the end plates of the monocoqus box were
removed t0 inspect the bulkheads, Bulkhead 1 near the north
end of the box 1s shown in figure 21 and the bulkhead 4 near
the south end of the box is shown in figure 22, Bulkhead 1
showed no sign of damage after fallure; bulkhead 4 showed a
permanent buckle in the top west corner nesar A,

[
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ANALYSIS

An analysis of the twisting of the monocogue box before
buckling is glven 1n reference 3, The analysis is based on
the assumption that the box behaves as an assemdly of four
beams with deep, thin webs {(cover plates and shear webs)
which are Jolned at the edges and to0o which transverse forces
are applied at the bdulkheads, The results of the ansalysis
together wlth the results of computatlons based on Bredttls
formula (reference 4) are plotted in figure 7 for comparison
with the measured twist between bulkhesads below the buckling
torque cf 58,000 inch—pounds, As was the case in the tests
of reference 3, Bredt'!s formula 1s not in as good agreement
with the data for loads less than the duckling loads as the
enalysis of reference 3, which includes the stiffening effect
of corner posts and buckles,

Buckling reduced 'the stiffness of the box as shown in
figure 7, An extensive literature has grown up around the
problem of determining the effect of buckling on shearing
stiffness and strength, Some of this work is described in
references 5 tq 12, : '

Wagner (reference 5) introduced the concept of a "tension
field," He postulated that the additional shear load carried -
by 2 thin sheet web after buckling is chiefly carried by ten—
sion in the direction of the sheet bduckles, Wagner'!s concept
of a tengion field has been applied to a variety of structures
by Xuhn (reference 6), Heck and Ebner (reference %), Lahde and
Wagner (reference 8), Schapitz (reference 9), Lipp {reference
10), and Langhaar (reference 11), KXromm and Marguerre (refer—
ence 1l2) give an analysis based on an energy method of the
behavior of plates subjected to shear beyond the bdbuckling
limit, This analysis gives information about the shape and
the intensity of the buckle pattern which cannot be obtained
from Wagner's simple assumption of a tension field, It does
not necessarily follow, however, that the analysis gilves
better values of the failing load, the bending stresses in
the flanges, or the compressive strose in the struts, For
these, the assumptions by Kromm and Marguerre regarding the
buckle shape and the edge conditions may be no better than
Wagner'!s assumption of a tension field,

Wagner's t ension field theory was used in &ahalyzing the
present box because of its adaptability and simplicity, The
effective area resisting shear was determined from Wagnerlts
theory as shown in the following and was inserted 1in the theory
of reference 3 to give the stress distribution in the box,
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WAGNER'S DIAGONAL TENSION FIELD THEORY APPLIED

0 MONOCOQUE BOX

The presentation of "diagonal tension! theory given

“here follows that of Langhaar (reference 11) with the fol-

lowing exceptions, It includes the effects of longltudinal
stiffeners and of Poisson's ratio and it develops an expresg—
gion for the effective area of & buckled side of the bvoxz,
The notation follows that of reference 3 wherever possidble,

The baslec assumption of the diagonal tension theory
is that after buckling the principal stresses at the median
surface of the sheet consist of a tension ¢ 1n the direc—
tlon of the buckles and a compression the magnitude of which
is the same as Ter and the direction of which 1s perpendic-—

uler t0 the buckles,

Figure 23(a) indicates the direction of the stresses
acting on a portion of the side of the box, after buckling
of the sheet, Figure 23(b) shows & small triangular wedge
of the buckled side of the box gnd the stresses acting on
the edges of the wedge, The equilXibrium of forces on this
wedge 1in the x—dirsction gives

o, =g c08® @ ~ T sin® o (1)

X cTr

The equilibrium of forces in the y—-direction gives
Txy = (0+ T, ) sin a cos @ (2)

The equilibrium of forces in the x~direction on the wedge
in figure 23(c) also gives equation (2). Equilibrium of
forces in the y—dirsction, however, gives

oy =o sin® a ~ 7., cos® a (3)
Solving equation (2) for o gives

- Xy
c == T + - (4)
- _ c; sin o cos o
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Substituting equation (4) into equations (1) and (3) gives

Ox = Txy cot o - T,. (5)

Txy tan @ — T,. , (8)

s

It is now necessary to determine the angle of inclina—
tion o« of the buckle, PFirst, determine the strain along
a2 line Jjoining points on the two corner posts and making an
angle B with the x—axis, The original length of this line

s fa 5 where 2a is tho depth of the web joining the
sin

corner posts,

After loading, the y component of the distance bestween
the two points isg

2a + ¥ (2a cot B) - 55 ) ()

where ¥ 1s the angle through which the side shsars and

8 is the average contraction of the box in the y—diresction.
due to the tension oy, The x component of the distance
between the two points is

2a cot B — 8x cot B (8)

where 6§, is the contraction of a length 2a of the bex in

the x—directiOn due to the tensioﬁ Txoe The strain along a
line at an angle B with the x—axlis is therefore

€

(9)

/ - 2 . ) z 2 2a
.= (22+2a2 ¥ cot B—8y) + (28—5,)" co% B-sta g

28
sin B

Since 6,, 6y, and 2a¥ are much smaller than 2a, the

radical_ in equation (9) may be’ expanded and terms Iinveolving
5.2, Byz, (2 ¥)®, and higher powers taken as zero,
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Doing this gives

sin®
€B=‘Y sinBcos B—-Sy—"'é—a"———-sx

cos® B

(10)

The angle Bp,y corresponding to maximum €g is glven by
setting dss/ds = 0, This gives

tan2 B = 22N (li)
max ~ g 5
y— U=

The angle B

nax for maximum strain eB is the same as the

angle o« for maximum stress o oOr

tan 20 = —am— (12)

The ferm 8y is the averags amount by which the flangss

approach each other, Tet 4 be the distance between trans—
verse stiffeners and let Ay be their area, The stiffencrs
shorten an amount ’

8y = 2adt o /By (13)

where t is the sheet thickness, In ﬁddition, the corner
posts band in the plane cf the sheet, If the corner post has
a moment of inertia J and if the strees Oy is considered

to apply o uniform load Gy © to the corner post, ths average
sag of each cormer post is

4
s n = & toy
r

. 14
¢ 720EJ, (14)

i

From equations (13) and (14)

4
2edioc d'% o
vy = 8"+ 8y Ei; © 3808J (15)
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If o dimensionless constant is defined as

3
A, = dt [—d +._1_.] (1)

thers is obtained for the average contraction in the y—direction

Al

2ai )

The term Gx is the contraction of a length 2a of the
box in the x-dirsction, If &, 1s thes longitudinal stiffening
area per web

5 = 2a 2at Cx . (18)

Defining a dimensionless constant

Ax = Eff _ (19)
A’X

gives for the average contraction in the x—~direction,

22 A
85 = E o, (20)
E
Substituting (17) and (20) in (12) gives
YE
tan 2a = (21)
Ky oy~ Ay Ox
From equation (10) the principal strain ¢ when B = a 1is
sin®’' g cos® a ’
£ =Y sin o cos o ~ &, — - §y — v 22)

v 2a 2a
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Since the dingonal tension ¢ =~and the transverse compression
Tor &are the principal stresses the strain € is also given
by '
T
a cr
£ = = + —— 23
B i (23)
Combining equations (22) and (23) and substituting for By
and 68, the values given in eguations (17) and (20)
O + W Top =Y E sin a ¢0s & — Ay 6y sin® a— A oy cos® a
(24)
If a ratio r is defined so that
r = TCT/TXV (25)
¢ the results obtained from equations (4), (5), and (8) are
i I = r + - (
Txy sin o c0s o 2¢)
IX = cot o= T (27)
'Txy
o
L = tan - 1r {28)
Tey
¥
Substituting equations (25) to (28) into equations (21) and
(24) gives L
—-T + 1 +pur=9% —E— dina cosa— "y sinzou(tana,-'-r_)
. sina cos o Txy . '

~ Ag cos- « (cot a—-1r) (29)
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—— = Ay tan2a (tan @ - r)— Ay tan2a (cot a — r) (30)
Xy :

Eliminating YE/Txy between equations (29) and (30) and
s0lving the resultant equations for r gives

4~ J\Itana atan2a sin2a + Axcotacx. tanZ2q sin 2a

re (31)

2(1-p)sin2a— Aytana tan2a sin2a+ Ay cob a tan2a sina

Equation (31) may alsc be written

) ]
r= l—-2cl(-;-:— a)+(6-4c ) (G- a)

l 32u , l6c 2 3
+ I thicd 2 sttt ~ SN — e 3
= + =3 8c,cg '( a) con (32)

where o 1is measured in radians

ey = (Ag + Ag + 2 + 2u) / (A ~ Ax)
- ez = (Ap + Ag + 2= 2u) [ (Ay = Ay)
cz = Ay_ - Ax 32a)

Bquation (30) for the angle through which the side of the hbox
shears may be written

YE c
———— ] o S (1—c,cz) C.T.._.a,)
1+ &
2(1+p) T4y P : X

czc, a
- 2 =—— (1 - c,¢;) Gl—-—cz) S P (23)
1+
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A factor X for the inerease in shear deformation due to
buckling will be defined so that the effective area resisting
shear after buckling is (22%t)/K

Then

2at E [v 2(1+p) Ter

K 2(1+p) B ]7‘ 2at (Txy — Tcr) (3)

Substituting in equation (34) the value of ¥ from equation
(33), the value of Txy from equation (25), and the value

of r from eguation (32), end solving for K gilves

c °3 (1~c,c. )+ |2 e,c 3 cacs(l e, e )] L~ a
K= 1 2( 1% ) —~ 1%z 7 1%z ¢ 1L 1%=2 1 (75)

¢, + (2 eyep — 3) (%.— )

COMPARISON BETWEEN THEORY AND EXPERIMENT

The theoretical behavior of the box after buckling was
conmputed“from the theory of reference 3 after changling %tkhe
shear constant k of that reference t0 kX +to take account
of buckling of the sheet in dimsgonal tension in accordance
with the theory of the preceding section,

The load factor r and the shear deformation factor X
were computed from equations (32) and (35), respectively,
using the.angle '« as a parameter, Values of load and shear
deformation computed for the same value of o may then bse
plotted against each other, Before computing r as a funec-—-
tion of o« from equation (32) and X as a function of '«
from equntion (35) it was necessary to compute ¢y, Cz, &nd

ez from eguation. (32a) and Ay =and Ay ‘from equations (1e)
and (19), The O,028—inch cover sheets buckle first, If they

are denoted by the subgeript 4 and the shear webs by the
subseript h, as was done in reference 3,
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dy = bulkhead spacing = % = 19 1inchss .W
ty = sheet thickness = 0,026 inch
ay = half-width of cover sheet = 12 inches
Jt = moment of inertia of corner posts resisting ( (#e)
bending in plane of sheet = 0,17 inch*
Ayt =.transverse stiffening area = 0,42 inech®
Ayy = longitudinal stiffening area = 3.68 inches” |
p = Polissonl!s ratio = 0,32 }

It Lyt and Ayy wore approximated as follows:

Jiy as the moment of inertia of a corner post and 2 inchas of
shear web for bending in the plane of the cover sheet; Ayg

as the area cf the antiroll and that part of the bulkhead
which 1s outside of the lightening holes; and A , &as tho

area of two corner posts, one shear web, and five stringers,

Substitutihg these values iato equations (18) and (18)
gives

Aot = 3.48, Agy = O, 17 (279

vyt

and substituting these valuas into equation (32a) givaes with
p = 0,32

;4 = 1,900, e, = 1,514, e,y = 3,31 (38)

Substituting equation (38) into equation (35) gives

1+ 2."2(" - m)
K, = 2.24 fAZ T (39)
1+1,24( % <« >
4

A range of values of o from I %o 0,628 radian

o
(i,e,, 45° to 36 ) gives (see equation (31)) a range of values
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e
T 0f r = Ton/Tgy from 1 to 0,0801 and gives (see eq, 39) a
range of values of K; from 2,24 to 2,49, An intermediate
value of
Ky = 2,38 (40)
corregponding to r = 0,648 and o = 0,706 radian will be
used in the equationsg of reference 3 to correct for the loss
of shear strength in the cover sheets after dbuckling,
The value of kyK; was used in the equations of refer-
ence 3 in place of ki. The values of force and twist were
then determined from those equations, Using the symbol A
to lndicate the inerease in s guantity aftar buekling of the
. cover sheet gives:
: ~
AT = "increass in torque applied $o0 box after
buckling
AFt = 00,0128 AT pound = increase in shear force
epplied to cover sheet at ends of box
. after buckling,
AFy = 00,0384 AT pound = increase in shear force
. applied to shear wed at ends of box after
buckling .

APy = 0,0125 AT pound = increase in shear force
applied to cover sheet at first bulkhead
from ends after buckling
| - . pla1)

APyy = =0,0052 AT pound = increase in shear forco
applied to shear wed at filrst dullkhead
from ends after buckling

AP,y = 0,0037 AT pound = increase in shear force
applied to cover sheet at second bulkhead
from ends after buckling

AP,y = —0,0015 AT-pound = increase ln shear force
applied to shear web at second bulkhead

. from ends after buckling '
10° 495 = 0,00294 AT radian per inch = twilst between
. center two bulkheads

&

10" A9, = 0,00280 AT radian per inch = twist between
the adjoining bulkheads
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No value was determined for the twigt of the box in the
end bays since the dlagonal tension buckles extend over a
shorter length of sheet in the end bays than in the central
bays, It d1d not seem worthwhile to extend Wagneris theory
to take account of this because of the uncertainty regarding
the rigidity of the end connections, The values of twist
given by equation {(41) are plotted in figure 7 for torques
between 58,000 inch—pounds corresponding to ‘buckling of the
cover sheet as a plate with clamped edges with T,,. = 3790

psi (see p, 22 of reference 3), and 239,000 inch-pounds corre-
sponding to buckling of the shear web sides of the box as
plates vwith simply supported edges, The buckling of the shear

woah aftdmna aof & +Aammiaaae AP 270 NOND 2evmnal o vwAarrnda wwom anmmardeand P A

the precsent theory and from reference 13, The shear web ton—
sists of rectangular panels 9,5 inches long, 6,62 inches wide,
and 0,075 inch thick, With ¥ = 10,6 X 10® pgsi, referencs 13
(fig, 191) gives for the buckling stress,

T,. = 9100 psi (42)

cr

From page 20 of reference 3 the stress in the shear web
before buckling of the cover sheet is 0,0329T7, The torque
which just buckles the cover plate is 58,000 inch-pounds,
The stress in the shear web when the cover sheet buckles is
therefore

T! = 0,0329(58,000) = 19210 psi (453)
From page 20 of reference 3, the increase in strésé AT is

AT = (A%, % AP,y + APgy)  (44)

Zahh

Bubstituting ay, = 5 inch, h = 0,075 inch, and the values of
AFy, APy, and AP, given in equation (41) gives

AT = 0,0396 AT psi (45)

Combining equations (42), (43), and (45) and solving for the
increase in torque AT,, necessary to raise the shear stress

T + AT to 7 gives,

er
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AT = 181,000 inch—pounds :
¢ (46)
Ter = 58,000 + AR, = 239,000 inch—pounds
After bdbuckling of the shear webd, a diagonal tension

field is present in both the cover sheet and % hs sbear wob.
For the shear web denoted by the sudbscript h,

dy = stiffener spacing = 9,5 inches
tn = sheet thickness = 0,075 inch
aﬂ = half width of 0,075 inch sheet
= Z,312 inches for diagonal tension theory
a, = haliegidth.of gide = B inches for theory of > (47)
erence 3.

Jy = moment of inertia of corner posts resisting
. bending in plane of shear web= 0,60 inch4

Ayh = transverse stiffening area = 0,145 inch®
Ay = longitudinal stiffening area =1.26 inches®
= 0,32 _

Substituting these values intb equations (16) and (19)
gives .

‘Agp = B.85, Ay, = 0,39 (48)
and substituting these values into squation (82a) gives with

p = 0,32

e, = 1.869, Caly = 1,43, c = 4,986 (49)

3h

Substituting equation (49) into equation (35) gives

B 2.20@ - a)
Ky, = 2,54 . : (50C)

1+ 1.09<E - a)
4
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4 range of values of o from % to 0,698 radian (i,e,, 45

to 400) gives a range of values of XK, from 2,84 %0 2,77,
This range of values is gso small that the intermediate value

Kn = 2,6 (1)

will be used in the equation of reference 3,

The action of the unbuckled shear wedb is approxinmated
on page 18 of reference 3 by taking ky = 1,848, The actien
after buckling will be epproximated by taking

Ky = 1,845 Ky

Theoretically there should be a decrcass 1in effective
area of the cover sheet (that is, a decrease in Ky (equa—

tion (40)) after buckling of the shear web, since part of

the longitudinal stiffenling area is then used Dy the shear
web, This decrease in Ky will be neglecteldl because Ky

is relatively unaffected by reduction in the longitudinal

stiffening of the cover sheet,

The values ©of force and o0f twist as determined from the
equations in reference 3, after replacing ke, ky DY kiXyg,

kpKy, are given belew in the notation of equation{al); the
symbol AA 1is used to 1ndiecate the increase as a quaniity
after dbuckling of the shear wab sides of the box,

-
AAT = lilncrezse in torque applied %o box after buck—}
ling of shear web at T = 239,000 inch—
pounds
AAFy = 0,0158 AAT pound
AAFy = 0,0351 AAT pound
AAP, ¢ = 0,0112 AAT pound _ - >>
AAP,, = ~0,0047 AAT pound (52)
AAP ¢ = 0,0033 AAT pound
AAP.y = —0,0014 AAT pound _
10° AA 68, = 0,00339 AAT radian per inch
10° AA 9, = 0,00309 AAT Fadian per inch
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Again, no value was determined for the twist in the end
bays because a full diagonal tenslon field could not be de—
veloped there,

4 comperison of the theoreticel twist according to
reference 3 and according to eguations (41) and (52) and
the measurced twist is given in figure 7, The differsnce
between theoretical and measured twig} is less than about
0,00008 radian per inch for torgues less than the torque of
270,000 inch~pounds at which yielding starts, This 1s com
parable with the dlfference in measursd +twigt at two posi-
tions on the same section of the box,

The shearing stress in the cover sheet between bulkheads
1 and 2 is given by (see p, 22 of reference 3)

o] :
2 ez(0,02080+ 0,01582)T= 0,0586T (53)

zy

k
T =f(Ft+Plt) =
] .

before buckling of the cover sheet at T = 58,000 inch-pounds,
After buckling of the cover sheet

k 0 X
AT =—$Eﬁ (AT, + AP ==E‘ 63 2,38 (0,0128+ 0,01L25)AT
xy N t 1t 1.290
t [ )

= 0,0964 AT (54)

until buckling of the shear web at T = 239,000 inch-pounds,
After buckling of the shear webd

_ FyKy 2,063 x 2,38 .
AAsz"“K;" (AAFy + AAP, 4) = T (0.0153+ 0,0112)AAT

= 0,103 AAT " (58)

The theoretical value of maximum principal stress o in the
cover sheet was determined from equation (4) using equations
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(53), (54), and (55) with Tgp = 3790 psi end a theoretical

intermediaste value of a = 40,48° after buckling as detsrminecd
in connection with equation (20), The principal stresscs are
plotted in figure 13 for comparison with the measured maxinun
and minimum principal stresses, The cowmparison shows that
equation (4) based on Wagner's tension figld thsory is con-—
servative, For the maximum stress, the theory gave stresses
as much as 7000 psi higher than the measured stresses,

The shearing stress in the shear wsb between bdulkheads
2 and 3 is given on page 20 of reference 3 as

Toy = 0. 08297 (58)

before buckling of the shear web at T = 58,000 inch-pounds,
Between 58,000 and 239,000 inch—pounds the increase ian shear
ig given by equation (45), After buckling of the shear webd
at T = 239,000 inch-~pounds the further incrcase in the shear
stress is

Ky

r
A8 7xy 2ayh

(84Fy, + AAP )y + AAPy)

- 02.6 (0,0851— O, 0047~ 0,0014)AAT = 0,1008AT (5%)
.75 . |

The theoretical value of maximum principal sitress o
in the shear wed was determined from equation {(4) using
equations (56), (45), (B7), and (42) and a theoretical zedian
value of o = 43° after buckling of the shear web correspoad-
ing t0 the median value of K in equation (51), The princi-
ral stresses are plotted in f?gure 15 for comparison with the
measgured stresses, In this case, as in the case of the pover
sheet, the maxinum tensile stress computed from the diagonal
tenslon theory as presented im this paper was up to 7000 psi
greater than the nmeasured stress,

It appears, therefore, that the diagonal tension theory
glves values for the nmaxinum stress, soon after buckliag that
are on the conservatlve side by a considerable margin,

) No attempt was made to check the expefimentally deter—
nined strains in the bulkheads (ses figs, 8, 9, 10, and 11)
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againsgt computed values since the straln distridbution in a
bulkhead having flanged circular holes 1ls as yet unknown even
for simple stress distridbutions on the sdges, Likewilss no
attempt was made to check the experimentally determined
strains in the reinforcements (see fig, 168) since these
strains are all relatlively small for torsion,

The shear load carried by the rivets attaching the antl-
rolls to the corner post (see fig, 20) was estimated by as—
suming that the antiroll and bulkhead dlvide the diagonal
tension load on the cornsr post in proportion t o thelr res—

pective effective areas, The antiroll has an area of 0,132
inch sguare while that mnart of the bBullkthesd out to the cir-

inch square, while that par the Bbulkhe
cular hole together with 1ts reinforcing stiffener has an
area of 0,292 ineh square. On this basisg the antlroll takes
31,1 percent of the load, The shear load on the rivets is
therefore

Rivet load = 0,31l oyytydy (58)

where the subscript +t denotes the cover sheet, From sgua—
tions £6) and (36):

Rivet load

0,311 (0,026) (19) (wxy tan @ = Top)y

c ' -
.154 (Txy tan o Tcr)t

(59)

The shear stress between bulkheads 2 and 3 was computed from
equations analogous to squations (53) to (B5) for the shear
stress batweerd bulkheads 1 and 2, The angle « was again
taken as 40,48° and the critical shear stress taken as

Ter = 3790 psi, The computation leads t0o & shear load on

the rivets equal to zero Just before buckling of the cover
sheet and a shear load equal to 2630 pounds Just before buck—
ling of the shear web at T = 239,000 inch-pounds, This rivet
load corresponds to a nominal shear stress on the two 1/8-inch
rivets of 107,000 psi, BEver after making allowance for the
roughness of the estimate it is not surprising that these
rivets were found sheared in two as shown in figure 20,

Natlonal Bureau of Standards'
Washington, D, C,, July 3, 1944,
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TABLE I.- MECHANICAL PROPERTIES OF MATWRIAL

Yigld strength Eﬂ.ongation‘\
Young! s modulus (psi) Tensilo in
(psi) (offset = 0.2 percent) str 2 inches
Sample (pei {porcent)
Tenglon | Compression Tenalon | Compression
Corner sngle | 10.4x 108! 10.8x 106 48,000 42,000 61,600 21
Stringer 2 10.1 10.8 48,300 ko,700 63,110 25
Stringor 1 10.4 10.8 48,700 140,500 63,100 25
0.075~inch
ghear web 10,5 10.7 53,700 44,000 70,020 20
0.026-1nch
top and
bottaom
plating 10,5 10.8 K7 +100 46,800 73,500 18
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Figure 1.- Details of monocogue box specimen. i
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Figure 3.- End view of monocoque box (end plate removed].
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Figure 4.- Fizxed end of the monocoque box specimen at a load
- of 220,000 1b - in.
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Figure 5.- Pivoted end of the monocogue box

specimen at a
load of 220,000 1b - in.
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Figure 6..-.- Apparatus for measuring change in resistaﬁce of
wire strain gages and view of cover plate of box showing
shear wrinkles at 220,000 1lb - in.
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Figure 17.- Buckles in the east shear web of the monocoque
box at fallure.
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Figure 19.- Failure of a rivet at A on bulkhead three
tearing of the top cover sheet at B on bulkhead two.
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Figure 22 - Bulkhead four-after fallure show1ng permanent
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